Three-dimensional distribution of articular cartilage thickness in the elderly cadaveric acetabulum: a new method using three-dimensional digitizer and CT  by Akiyama, K. et al.
Osteoarthritis and Cartilage 18 (2010) 795e802Three-dimensional distribution of articular cartilage thickness in the elderly
cadaveric acetabulum: a new method using three-dimensional digitizer and CT
K. Akiyama y, T. Sakai z*, J. Koyanagi y, T. Murase z, H. Yoshikawa z, K. Sugamoto y
yDepartment of Orthopaedic Biomaterial Science, Osaka University Graduate School of Medicine, Suita, Japan
zDepartment of Orthopaedic Surgery, Osaka University Graduate School of Medicine, Suita, Japana r t i c l e i n f o
Article history:
Received 14 August 2009






Computed tomography* Address correspondence and reprint requests
Orthopaedic Surgery, Osaka University Graduate Sch
daoka, Suita, 565-0871, Japan. Tel: 81-6-6879-3552; F
E-mail address: tsakai-osk@umin.ac.jp (T. Sakai).
1063-4584/$ e see front matter  2010 Osteoarthriti
doi:10.1016/j.joca.2010.03.007s u m m a r y
Objective: The aim of this study was to evaluate the three-dimensional (3D) distribution of the acetabular
articular cartilage thickness in cadaveric elderly individuals, measured using a new method with a 3D-
digitizer and computed tomography (CT) and to validate this method using a thresholding technique.
Design: Twenty cadaveric hemipelves without fracture, previous hip surgery, or macroscopic degener-
ative changes were digitized by a 3D-digitizer to make 3D cartilage surface models, and scanned by 3D-
CT to create 3D bone surface models. These two surface models were then merged using a surface
registration method. Acetabular articular cartilage thickness was evaluated as the distance between the
two surface models, and the distribution was mapped. Tests for accuracy and reproducibility were
performed by comparing the cartilage thickness of ﬁve human femoral heads measured by stereo-
microscopy with the distance between the cartilage and bone surface models.
Results: The superolateral cartilage tended to be the thickest in all acetabula. The smallest category
(0e0.5 mm) of articular cartilage thickness existed at the posteroinferior lunate surface. In this new
method, the mean measurement error was 0.018 0.044 mm for the average optimum threshold and the
intraclass correlation coefﬁcients were 0.99 in surface registration and 0.94 in data acquisition for
reproducibility, indicating high accuracy and reproducibility.
Conclusions: The proposed method for measuring articular cartilage using a 3D-digitizer and 3D-CT was
accurate and reproducible. In the elderly individuals, acetabular articular cartilage tended to be thicker in
the superolateral area and there was the thinnest category (0e0.5 mm) on the posteroinferior lunate
surface of the acetabulum. The contour generated along 480 Hounsﬁeld units (HU) was closest to the
subchondral bone contour in the elderly hip.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The etiology of primary hip osteoarthritis (OA) has not been
fully elucidated. In secondary OA caused by hip dysplasia, insufﬁ-
cient acetabular coverage of the femoral head leads to OA of the hip,
and early cartilage abnormality has been detected at the ante-
rosuperior area of the acetabulum by magnetic resonance imaging
(MRI)1 and arthroscopy2. There is little information, however,
regarding the relationship between acetabular cartilage and oste-
oarthritic progression in the elderly3. Evaluation of the three-
dimensional (3D) distribution of articular cartilage thickness isto: T. Sakai, Department of
ool of Medicine, 2-2, Yama-
ax: 81-6-6879-3559.
s Research Society International. Pimportant for biomechanical assessment of the hip joint and may
unveil the etiology of primary hip OA.
On the other hand, assessment of the acetabular cartilage is
desired when the treatment option is decided in various hip
disorders including femoral neck fracture. Debate about hemi-
arthroplasty or total hip arthroplasty (THA) for a displaced femoral
neck fracture has been ongoing for decades4e6. Hemiarthroplasty is
a reasonable option for the elderly patients without evidence of
acetabular disease or damage. However, it is difﬁcult to evaluate
clinically the acetabular articular cartilage thickness or damage
using computed tomographic (CT) arthrography7 or MRI8 before
the surgery especially for elderly patients who are less healthy and
mentally impaired and who cannot keep staying at the same
position throughout the examination. The joint space on the plain
radiograph shows the sum of the femoral and acetabular cartilage
at the weight-bearing area only, not entire areas. Therefore, global
evaluation of the acetabular articular cartilage intraoperatively
seems mandatory in the patients.ublished by Elsevier Ltd. All rights reserved.
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the acetabulum using invasive in vitro techniques including carti-
lage slices9, needle probes10,11, and ultrasound3,12,13, while in vivo
techniques include CT arthrography7 and MRI8. Nevertheless, only
three studies have reported the 3D distribution of acetabular
articular cartilage thickness in detail, using cartilage slices9, ultra-
sound13, and MRI8. In these methods, the acetabular articular
cartilage could not be clearly evaluated as a whole, with the
acetabulum divided into several regions for measurement.
A 3D-digitizer is a 3D data acquisition device that captures
a multitude of orthogonal coordinates on the surface of physical
objects by contacting14e17 or laser scanning15,16,18 the surface.
Sahara et al. applied this method to evaluating the 3D morphology
of cadaveric humeral heads using the contact method with high
accuracy14. Gu et al. reported the 3D morphology of cadaveric
acetabula, using 3D laser scanning18. Millington et al. analyzed the
3D topography and thickness distribution of ankle articular carti-
lage by dissolving the articular cartilage with a stereophotographic
technique, one of 3D digitizing systems19. Thus, 3D digitizing
system is useful in studying geometrical parameters of highly
curved cartilage layers precisely.
There have been several studies evaluating articular cartilage
thickness with CT arthrography in elbows20, ankles21, knees22 and
hips7,23. In previous studies, however, there has been no precise
information about the threshold in detecting or extracting the
subchondral bone. Aamodt et al. assessed in Hounsﬁeld units (HU)
the CT density of the inner cortical surface of the proximal femur
for the design of custom femoral implants from CT data by using
a thresholding technique and concluded that the contour generated
along 600 HU was closest to the inner cortical contour24. They also
reported the mean distance between the 300 and 600 HU contours
to be 1.1 mm. Therefore, it is important to take the threshold value
into consideration in extracting subchondral bone using CT to
evaluate articular cartilage thickness.
The purpose of the present study was ﬁrst, to analyze the 3D
distribution of acetabular articular cartilage thickness in elderly
cadavers, using a newmethod with a combination of a 3D-digitizer
and 3D-CT; second, to validate this method using a thresholding
technique.
Methods
Specimens and study design
Twenty-four hemipelves from 12 cadavers embalmed in
formalin were harvested. The cadavers were of nine women and
three men, with a mean age of 85 years (range, 78e96 years).
Anthropometric data were not obtained. Exclusion criteria were as
follows: fracture, previous hip surgery, and degenerative diseaseFig. 1. (a) The digitizing apparatus used for 3D morphological analysis. (b) Awhichwas deﬁned as the presence of osteophyte and the damage of
articular surface including the cartilage damage and the exposure
of subchondral bone. As a result, 20 hemipelves were enrolled in
this study. We conﬁrmed that the cadavers had no symptom of the
hip joint and leg, or any history of hip disorder according to the
clinical records. As landmarks for integration of each digitized data
set and for surface registration, six steel (high-carbon chromium-
bearing steel) spheres of high-tolerance radius (4.00 0.005 mm)
were glued ﬁrmly with cyanoacrylate cement to the bone surface of
each hemipelvis, excluding the acetabular area.
We measured the 3D coordinates of surface points of the
acetabular articular cartilage and all of the steel spheres using
a contact-type 3D-digitizer (Cyclone, Renishaw, New Mills, UK)
with a spherical sensor ﬁxed on the probe tip and with accuracy of
<50 mm14,16,17. All specimens were ﬁxed to the measuring table
with strong industrial adhesive so that the acetabular articular
surface faced upwards and was ﬁrmly secured during scanning
(Fig.1). The digitizing device enables measurement of parallel slices
at intervals of 0.5 mm on the acetabular articular cartilage surface,
as well as all of the steel balls. During scanning, a set of 3D scattered
points, called “point clouds,” was obtained from one viewpoint. To
acquire points from the entire acetabular surface, three sets of
points were obtained that were scanned from three different
viewpoints.
A two detector-row CT scanner (SOMATOM Spirit, Siemens,
Erlangen, Germany) was used for helical axial acquisition to scan
the acetabula and all steel spheres. The following standardized
protocol was used: 130 kV, 56e112 mA, collimation 1.0 mm, pitch 1,
and rotation length 1.0 s. Reconstructions were obtained using 1.0-
mm sections, 0.5-mm increment, Kernel B60 ﬁlter, 216 mm ﬁeld of
view, and 512 512 matrix.
Image processing
The points data obtained from the 3D-digitizer were saved in
ASCII format and output to Imageware software (UGS Inc., Plano,
TX) for preprocessing. Using the Imageware selection tools, the
three different point-cloud data were merged into one set of point
data for each subject to create surface models of the hemipelves,
including cartilage surfacemodels. The surfacemodel data from the
3D-digitizer were transferred to processing software (Magics,
Materialise, Leuven, Belgium) in STL ﬁle format25. Magics was also
used to extract a surface model of the steel balls for each
hemipelvis.
The CT data were transferred in DICOM format to a computer
workstation. Image processing was performed using commercially
available 3D image analysis software (Virtual Place M-series,
Medical Imaging Laboratory, Tokyo, Japan). We created two
different surface models from the same CT data using fullyll specimens were ﬁxed such that the articular surfaces faced upwards.
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required for processing. First, we set a threshold of 480 HU to
extract acetabular subchondral bone contours but exclude calciﬁ-
cation and mineralization in soft tissue; bone surface models were
then processed by fully automated segmentation. Second, we set
a threshold of 7500 HU to extract the steel balls but not bone
surface; surface models of all steel balls were processed by fully
automated segmentation for surface registration.
Surface registration
We used the iterative closest point algorithm26, one of the most
well-developed methods for surface registration, to register the 3D
surface model and the set of 3D points. From the initial trans-
formation parameters, the optimal parameters were found while
minimizing the sum of the distance from each 3D point to the
surface. For each specimen, the surface models of the balls from
the CT data were registered with those from the digitized data.
The bone surface model from the CT data and the cartilage surface
model from the digitized data were then merged with reference to
the steel ball registration to produce the inferred 3D cartilage
thickness (Fig. 2).
Proximity mapping
We measured acetabular articular cartilage thickness for the
bone surface and cartilage surface models using an establishedFig. 2. Surface models of a left hemipelvis. (a) Surface model obtained using the 3D-digitize
CT in the same specimen, showing the acetabular bone surface model. (c) Registration of
sectioning of the acetabulum. (d) Cross-section along the line shown in (c). The inferred caproximity mapping method27,28. Proximity mapping demonstrates
the distances between these two 3D surface models. A custom
program was created to measure intermodal distances using the
output ﬁle from the solid model formation (3D reconstructions),
which gives all vertices positions of the individual surface triangles
that form the surface of the reconstructed bone or cartilage in
space.
The vertices of the triangles are used as discrete bony or carti-
laginous landmarks and as starting points for the estimation of
minimum distance between subchondral bone and the cartilage.
From a speciﬁc vertex, the algorithm searches all other vertices
within a slice and calculates each distance, retaining the minimum
distance. If the distance between slices is less than the minimum
distance already calculated, the algorithm calculates distances to
points in the adjacent slice in search of the minimum; otherwise,
the initial intraslice minimum distance is kept and the next vertex
distance is calculated.
An output ﬁle is created containing the minimum distance for
each vertex and the adjacent model to which it corresponds. This
program was written to calculate the area of one bone or one
cartilage surface with respect to another within a user-speciﬁed
threshold distance. Proximity mapping is the visual representation
of the distance from one surface model to the nearest neighboring
surface model. In the present study, this method was applied to
determine the distances between acetabular bone surface models
and the acetabular cartilage surface models; the proximity maps
were calculated at intervals of 0.5 mm (Fig. 3).r, showing the acetabular cartilage surface model. (b) Surface model obtained from 3D-
the two models by surface registration of the steel spheres. The black line indicates
rtilage is colored pink.
Fig. 4. Anatomic cartilage thickness of a femoral head as viewed by stereomicroscope.
Cartilage thickness was measured from the cartilage surface to the chondro-osseous
junction using a digital template. Measurements were taken ﬁve times at each
measuring point, and then averaged. The scale indicates 1 mm.
Fig. 3. 3D distribution of acetabular articular cartilage thickness of the acetabulum
shown in Fig. 2, using the proximity mapping method. The color scale is in millimeters
(A, anterior; P, posterior).
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To enable a quantitative comparison of the 3D distribution of
acetabular cartilage thickness among the specimens and to
compare with the previous studies3,8e10, each acetabulum was
sectioned into six regions according to the method described by
Athanasiou et al.10. We examined the largest category of acetabular
cartilage thickness in each region.Accuracy test and reproducibility
Because the cadaveric hemipelves were not permitted to cut
into pieces in the present study by the institutional ethical
committee, we tested the accuracy of the 3D articular cartilage
thickness measurements using ﬁve human femoral heads, all of
which were removed during hemiarthroplasty for femoral neck
fracture. The femoral heads were obtained from four females and
one male, (mean age, 83 years; range, 64e97 years). Macroscopi-
cally, there was no abnormality in the articular cartilage of ﬁve
cases on the basis of the same diagnosis criteria as the acetabulum.
Each femoral head was embalmed in formalin and sectioned into
halves: one cross-section for the 3D-digitizer and 3D-CT analysis,
and the other for anatomic evaluation.
The femoral heads were too small to have six steel spheres
attached; therefore, four steel spheres were glued with cyanoac-
rylate cement to the articular surface of each femoral head. Neu
et al.29 reported that when four or more markers were used, the
standard deviation of the rotation and translation parameters was
less than 0.1% of the mean. Therefore, we considered that the
accuracy and reproducibility of the four steel spheres in the present
study were acceptable. Each half-specimen with four steel spheres
was digitized by the 3D-digitizer and scanned in 3D-CT with the
cross-section perpendicular to the scanning plane; these two
surface models were merged to create the inferred 3D cartilage
thickness. On the cross-section of the articular surface model, we
placed 30 points on the cartilage surface model to describe radial
lines originating from the center of the femoral head, computed
using the least-squares method.
In the other half of the femoral head, the anatomic thickness of
the articular cartilage was manually measured from the cartilage
surface to the chondro-osseous junction at each corresponding
point, using a stereomicroscope (AZ-100, Nikon, Tokyo, Japan) and
a digital template. Mean values of anatomic thickness were calcu-
lated from ﬁve randomly selected areas in each ﬁeld of view (Fig. 4),
and we assessed intra- and interobserver reproducibility for two ofthe authors (KA and TS) for stereomicroscope measurements at 30
points on the femoral head. We then compared the anatomic
thickness of the articular cartilage measured by stereomicroscope
with the inferred 3D cartilage thickness obtained using the 3D-
digitizer and 3D-CT (Fig. 5).
To investigate the optimum threshold for the bone surface
model in the image analysis software, we set seven thresholds
(250e550 HU) at intervals of 50 HU in the software and made bone
surface models of the femoral head in ﬁve specimens. We
compared the anatomic thickness of articular cartilage with the
inferred cartilage thickness for each bone surface model, and
determined the optimum threshold. We then calculated the
average optimum threshold for this study.
To assess the intraobserver reproducibility of the measurements
inﬂuenced by surface registration, each set of 3D-digitizer data and
3D-CT data in the ﬁve femoral heads was processed with the same
threshold (450 HU) and registered twice by two of the authors (KA
and JK); subsequently, two sets of the inferred cartilage thickness
were compared at 30 corresponding points. To evaluate the inter-
observer reproducibility of the measurements inﬂuenced by
surface registration, the mean value of each point in each specimen
was compared between the two authors.
To assess the reproducibility of the measurements inﬂuenced by
data acquisition, two consecutive sets of 3D-digitizer data and 3D-
CT data were acquired in one femoral head respectively and
registered four times by an author (KA) using a round-robin
method; subsequently, four sets of the inferred cartilage thickness
made with the same threshold (450 HU) were compared at 30
corresponding points.Statistics
Articular cartilage thickness was compared among six regions in
the acetabula using Friedman’s c2 r-test. All six regions were
compared with each other using the Wilcoxon t-test with P value
set to 0.0033 (15 pairwise comparisons) to conﬁrm a signiﬁcant
difference at 5% level.
In the accuracy test, the correlation coefﬁcient between the
anatomic cartilage thickness of the cross-section in the femoral
head and the cartilage thickness on the cross-section of the cor-
responding surface model was determined using intraclass corre-
lation for each threshold, and the mean error of measurements was
calculated for each threshold. All reproducibilities were assessed
using the coefﬁcient of variation [CV: standard deviation/
mean 100 (%)] and the intraclass correlation coefﬁcients (ICCs),
and the mean error of measurements was calculated for pairwise
comparisons.
Fig. 5. (a) Cross-section of the surface model of a femoral head made by 3D-digitizer and 3D-CT, showing inferred cartilage thickness. (b) Anatomic counterpart section.
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The distribution of acetabular cartilage thickness for each region
is shown in Fig. 6. The comparison of articular cartilage thickness
among six regions in the acetabula using Friedman’s c2 r-test
showed signiﬁcant differences (P¼ 0.0001). The superolateral
region tended to have the thickest cartilage (Table I). In three
specimens, the thickest articular cartilage (3.0e3.5 mm) was found
in the superolateral region. In all specimens, the thinnest articular
cartilage (0e0.5 mm) was found in the posteroinferior lunate
surface (Fig. 3).
In the accuracy test, the average cartilage thickness of the
anatomic section of the femoral heads was 1.95 mm (range,
0.97e3.84 mm). The optimum threshold ranged from 400 to
550 HU (mean value, 480 HU), and the ICC ranged from 0.89 to 0.98
(mean value, 0.91), indicating high accuracy (Tables II and III).
When 480 HUwas set as the average optimum threshold, the mean
measurement error for all ﬁve femoral heads was
0.018 0.044 mm.
In measurements of anatomic evaluation, the CV and ICC was
0.8% and 0.99, respectively, for intraobserver reproducibility, and
1.6% and 0.98, respectively, for interobserver reproducibility
(Table IV). In surface registration, the mean reproducibility of all 10Fig. 6. Acetabular cartilage thickness in each region. The number in each category
scale indicates the number of specimens. The color scale is in millimeters (AM, ante-
romedial; AL, anterolateral; SM, superomedial; SL, superolateral; PM, posteromedial;
PL, posterolateral).measurements by the two authors was 0.13% (0.02e0.63%) for
intraobserver reproducibility, the mean reproducibility of all ﬁve
measurements between the two authors was 0.16% (0.01e0.31%)
for interobserver reproducibility, and all ICCs were 0.99 (Table V). In
data acquisition, the mean reproducibility of all four measurements
was 7.2% and the ICC was 0.94.Discussion
We presented a newmethod that enables integratedmapping of
acetabular articular cartilage thickness to be obtained as a whole
with evaluation of the 3D distribution of acetabular articular
cartilage thickness in the in vitro elderly individuals. This study also
showed the accuracy and reproducibility of cartilage thickness
measurements obtained using this method in the femoral head.
The versatility and accuracy of the non-destructive technique have
enabled us to study geometrical parameters of thin highly curved
cartilage layers.
Several studies have reported the 3D distribution of acetabular
articular cartilage thickness. Kurrat et al. reported the schematic 3D
distribution of acetabular articular cartilage thickness in cadaveric
specimens obtained by performing microscopic evaluation of
extracted cartilage samples9. Adam et al.3 also reported a cadaveric
study in which each acetabulum was divided into 49 areas and
articular cartilage thickness was measured using an ultrasound
system previously shown to have high accuracy
(0.03 0.16 mm)30,31. Nishii et al. divided the acetabulum into 36
regions and used MRI and a fully automated measuring method to
produce the schematic 3D distribution of cartilage thickness8. Their
study was limited to the weight-bearing area of articular acetab-
ulum for in vivo normal and dysplastic hips, and reported a meanTable I
Statistical comparison of the largest category of acetabular cartilage thickness with
each region
AL SM SL PM PL
AM 0.3299 0.3676 0.0003* 0.2729 0.4261
AL 0.0685 0.0003* 0.0930 0.1387
SM 0.0007* 0.5333 0.7684
SL 0.0039 0.0035
PM 0.7375
AM, anteromedial; AL, anterolateral; SM, superomedial; SL, superolateral; PM,
posteromedial; PL, posterolateral.
* Wilcoxon t-test. A P value of <0.0033 was considered to indicate statistical
signiﬁcance at 5% level.
Table V
Intra- and interobserver reproducibilities for surface registration
Specimen CV (%) ICC Mean error of
measurements (mm)
Observer 1
1 0.04 0.999 0.0010 0.0014
2 0.07 0.999 0.0013 0.0015
3 0.06 0.999 0.0004 0.0015
4 0.04 0.999 0.0013 0.0013
Table II
ICCs and mean error of measurements for each threshold in specimen 1, compared
with anatomic cartilage thickness
Threshold (HU) ICC Mean error of
measurements (mm)
250 0.620 0.29 0.10
300 0.749 0.20 0.10
350 0.812 0.14 0.10
400 0.842 0.07 0.11
450 0.892 0.01 0.09
500 0.851 0.05 0.11
550 0.615 0.10 0.11
HU, Hounsﬁeld units.
Values are including 95% conﬁdence intervals in the mean error of measurements.
Table IV
Intra- and interobserver reproducibilities for anatomic cartilage thickness measured
by stereomicroscope
CV (%) ICC Mean error of
measurements (mm)
Intraobserver error 0.8 0.995 0.011 0.011
Interobserver error 1.6 0.985 0.011 0.020
CV, coefﬁcient of variation; ICCs, intraclass correlation coefﬁcients.
Values are including 95% conﬁdence intervals in the mean error of measurements.
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3.9%8.
If a large amount of manual measuring or processing is required
in mapping the 3D distribution of acetabular articular cartilage
thickness, it becomes demanding in terms of labor and time, and
reduces the accuracy and reproducibility of the measurements. In
the present study, this difﬁculty was overcome using this unique
semi-automatedmethod of measuring articular cartilage thickness.
We mapped the global acetabular articular cartilage thickness at
the same time. In measuring the articular cartilage thickness of ﬁve
femoral heads, we obtained high ICC (mean, 0.91; range,
0.89e0.98) in each optimum threshold from the accuracy test, and
0.99 in surface registration and 0.94 in data acquisition for repro-
ducibility; these results indicate high levels of accuracy and
reproducibility.
In the present study, the thinnest category of articular cartilage
thickness was 0e0.5 mm and the thickest was 3.0e3.5 mm. The
maximum articular cartilage thickness of this study is consistent
with those of previous studies3,8e12. The following distribution
ranges for acetabular cartilage thickness have been reported
previously: 1.0e3.3 mm, according to Kurrat et al.9, using micro-
scopic evaluation; 1.1e1.8 mm, according to Athanasiou et al.10,
using a needle probe system; 0.9e3.1 mm and 1.0e3.6 mm,
according to Adam et al.3 and Eckstein et al.12, respectively, using an
ultrasound system; and 0.9e3.4 mm, according to Nishii et al.8,
using MRI. Kurrat et al.9 and Adam et al.32, who used microscopic
examination and ultrasonography, respectively, reported that
ﬁxation with formalin has no measurable effect on the thickness of
cartilage or on the geometric conﬁguration of the joint. The 3D
distribution of acetabular articular cartilage thickness in the
present studywas also in good agreementwith previous studies3,8,9
that reported a general trend of increased thickness around the
superolateral region.
In contrast, an interesting ﬁnding of the present study is that
there was the thinnest category on the posteroinferior lunate
surface of all acetabular specimens. To the best of our knowledge,
only two previous reports have described the distribution ofTable III
Optimum threshold, ICCs and mean error of measurements in each specimen, for
inferred cartilage thickness compared with anatomic cartilage thickness
Specimen Optimum
threshold (HU)
ICC Mean error of
measurements (mm)
1 450 0.892 0.01 0.09
2 500 0.976 0.02 0.09
3 500 0.887 0.01 0.06
4 400 0.920 0.00 0.09
5 550 0.893 0.09 0.10
HU, Hounsﬁeld units.
Values are including 95% conﬁdence intervals in the mean error of measurements.articular cartilage thickness on the acetabular inferior lunate
surfaces9,13. In the present study, these areas of thin cartilage could
be evaluated by the new method using a 3D-digitizer and 3D-CT.
It is also interesting that the accuracy test revealed that the
inferred cartilage thickness of the surface models at their optimum
threshold was consistent with anatomic cartilage thickness. To the
best of our knowledge, no published information regarding evalu-
ation of articular cartilage thickness by CT describes change in the
inferred cartilage thickness according to the selected threshold. In
this study, the mean error of measurements changed by a mean
value of 76 mmwhen the threshold was changed by 50 HU (Table II),
which is in agreement with the measurements by Aamodt et al.24.
According to our results, the subchondral bone of the femoral
head has a CT density of approximately 480 HU in the elderly
individuals. Aamodt et al., however, investigated the human
cadaver femora with a mean age of 69 years (range, 43e84 years)
and found that approximately 600 HU represented the density of
the corticocancellous interface in both the femoral metaphyseal
and diaphyseal regions24. This discrepancy in the CT densitymay be
attributed to the difference between the subchondral bone and the
cortical bone or between the ages of these two studies.
There are several potential limitations in the present study. First,
we obtained no anthropometric data. Shepherd et al.11 have
reported the moderate correlation (r¼ 0.43) between the body
mass index (BMI) and the mean cartilage thickness of the hip joint,
and showed the mean cartilage thickness of the hip changed by
0.25 mmwhen the BMI changed by 10 values. Thus, the absence of
anthropometric data might not signiﬁcantly inﬂuence on calcu-
lating at intervals of 0.5 mm in the elderly individuals.5 0.02 0.999 0.0005 0.0011
Observer 2
1 0.07 0.999 0.0015 0.0017
2 0.29 0.999 0.0035 0.0034
3 0.04 0.999 0.0008 0.0012
4 0.63 0.999 0.0143 0.0044
5 0.02 0.999 0.0005 0.0011
Interobserver
1 0.13 0.999 0.0033 0.0019
2 0.22 0.999 0.0028 0.0028
3 0.01 0.999 0.0002 0.0004
4 0.31 0.999 0.0065 0.0022
5 0.13 0.999 0.0011 0.0013
CV, coefﬁcient of variation; ICCs, intraclass correlation coefﬁcients.
Values are including 95% conﬁdence intervals in the mean error of measurements.
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the acetabula and the opposing femoral heads such as center-edge
(CE) angle33 and alpha angle34. However,we conﬁrmedno symptom
of the hip joint, no history of hip disorder according to the clinical
records, or no macroscopic degenerative changes in the specimens.
Third, each specimen had its own optimum threshold (ranging
from 400 to 550 HU) in the accuracy test (Table III), which indicates
the existence of an optimum threshold for measuring articular
cartilage thickness by 3D-digitizer and 3D-CT. In practical terms, it
is not possible to obtain a proper optimum threshold for each
acetabulum, and to create the 3D distribution of articular cartilage
thickness at the proper optimum threshold; however, when we
assumed the average proper threshold of the ﬁve femoral heads
(480 HU) as the general optimum threshold, the mean error of
measurements was 0.018 0.044 mm, which indicates high accu-
racy and precision, and validates the evaluation of articular carti-
lage thickness at intervals of 0.5 mm. Although we do not think ﬁve
femoral heads are sufﬁcient to establish a reliable average
threshold, there is no published threshold data of the subchondral
bone of the hip.
Fourth, itmaybenecessary to evaluate in-plane andout-of-plane
measurement errors separately; however, we consider that our
validation conﬁrmed the accuracyof integrated in-plane andout-of-
plane measurements because the cross-section of each femoral
head was perpendicular to the scanning plane in the accuracy test.
There are several potential advantages of this new system. First,
as the results of this study showed that the inferred cartilage
thickness becomes thicker with increasing threshold values (Table
II), it is important to evaluate articular cartilage thickness using CT
arthrography in a constant optimum threshold. Understanding the
optimum threshold of the subchondral bone of the hip can be
applied to in vivo precise measurement of 3D distribution of
articular cartilage thickness of the hip using CT arthrography. We
used a density of 480 HU on CT images as the subchondral bone
contour in the elderly hip.
Second, in the computational biomechanical assessment of hips
using a ﬁnite element model, the incorporation of an inhomoge-
neous cartilage thickness distribution rather homogenous distri-
bution35 and that of more precise subchondral bone density in the
elderly hipmay result inmore precise consistency of computational
analysiswith real stress distribution around the articular cartilage36.
Third, evaluation of the thickness distribution of articular
cartilage during surgery may be possible using a portable digitizing
system37 because the precision and accuracy of surface registration
by CT-based navigation techniques are already established38. When
the treatment options are decided such as hemiarthroplasty or THA
for a displaced femoral neck fracture, in other words, when we
decide whether the acetabulum remains native or is replaced by
the component, global evaluation of the acetabular articular carti-
lage may increase the probability of successful clinical outcome.
Fourth, although this technique can be performed in vitro only
using some balls as landmarks for registration, it can be still a useful
technique by using high precision ceramic balls39 instead of steel
balls as it provides an independent gold standard for validating the
accuracy of other measurement techniques, such as MRI, which
may also be used for in vivo studies. Furthermore, the present
technique is non-destructive, which may enable us to compare
histological and biochemical assessments with MR imaging ﬁnd-
ings like T2 relaxation time mapping and delayed gadolinium-
enhanced MR imaging of cartilage (dGEMRIC)40.
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